ts5, a temperature-sensitive mutant of influenza B virus, belongs to one of seven recombination groups. When the mutant infected MDCK cells at the nonpermissive temperature (37.5°C), infectious virus was produced at very low levels compared with the yield at the permissive temperature (32°C) and hemagglutinating and enzymatic activities were undetectable. However, viral protein synthesis and transport of hemagglutinin (HA) and neuraminidase (NA) to the cell surface were not affected. The NA was found as a monomer within cells even at 32°C, in contrast to wild-type virus NA, existing mostly as an oligomer, but the mutant had oligomeric NA, like the wild-type virus. Its enzymatic activity was more thermolabile than that of wild-type virus. Despite the low yield, large aggregates of progeny virus particles were found to accumulate on the cell surface at the nonpermissive temperature, and these aggregates were broken by treatment with bacterial neuraminidase, with the concomitant appearance of hemagglutinating activity, suggesting that NA prevents the aggregation of progeny virus by removal of neuraminic acid from HA and cell receptor, allowing its release from the cells. Further treatment with trypsin resulted in the recovery of infectivity. When bacterial NA was added to the culture early in infection, many hemagglutinable infectious virus was produced. We also suggest that the removal of neuraminic acid from HA by NA is essential for the subsequent cleavage of HA by cellular protease. Nucleotide sequence analysis of RNA segment 6 revealed that ts5 encoded five amino acid changes in the NA molecule but not in NB.
Influenza A and B viruses have two integral membrane glycoproteins extending from their envelope, hemagglutinin (HA) and neuraminidase (NA). HA allows the virus to attach to the surface of cells via neuraminic acid receptors, and NA catalyzes the specific cleavage of oa-ketosidic linkages between a terminal neuraminic acid on polysaccharide and an adjacent sugar residue (7, 9) . The function of NA in replication of influenza A viruses, including human and avian viruses, has been studied extensively, and several roles for it have been proposed. (i) NA assists in releasing progeny viruses by cleaving neuraminic acid from cell receptors and from HA (20) ; (ii) NA modifies HA carbohydrate side chains to allow proteolytic cleavage of HA (22) , and through this mechanism, it is implicated in aiding viral neurovirulence (27) ; and (iii) NA contributes to the regulation of both RNA and protein synthesis and virus morphogenesis (8) . Evidence has also been presented, however, that NA function is not required for the production of infectious virus (3, 4) .
The genomes of influenza A and B viruses consist of eight separated RNA segments with negative polarity, each of which codes for one or more different polypeptides. The sixth RNA segment of both viruses codes for NA, but influenza B viruses differ from influenza A viruses in that RNA segment 6 possesses one additional gene coding for NB, which is not found in influenza A viruses, and that NA and NB are translated from a bicistronic mRNA derived from RNA segment 6 from overlapping reading frames (23, 24) . NB, the third glycoprotein of influenza B viruses in addition to HA and NA, is an integral membrane protein * Corresponding author.
expressed at the infected-cell surface and is not detected in virions. Although it is likely that NB plays a role in the virus assembly process, its role in replication is unknown (29) . Influenza B virus NA may have a B type-specific function which is not found in influenza A viruses, such as cooperation with NB.
One approach to analyzing the functions of NA and NB is to use temperature-sensitive (ts) mutants. Recently, 24 ts mutants of influenza virus B/Kanagawa/73 strain generated by mutagenesis with 5-fluorouracil have been isolated and classified into seven recombination groups on the basis of genetic recombination in mixed infection (unpublished data). Three mutants, including ts5, belong to a single recombination group that has a ts mutation(s) in RNA segment 6 and lacks NA enzymatic activity at the nonpermissive temperature (37.5°C). This article describes the characterization of mutant ts5 and the role of NA in virus replication. ously (25) . NA enzymatic activity was measured by using fetuin as a substrate, as described previously (15) (1) . The double-stranded cDNA was inserted into PstI-cut plasmid vector pUC19 by the dC/dG tailing method, and Eschenchia coli JM109 was transformed by the method of Nakajima et al. (18) . Transformants containing virus-specific inserts were selected by colony formation in the presence of isopropyl-P-D-thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3-indolyl-f-Dgalactoside (X-Gal). Recombinant plasmid DNAs were isolated by the alkaline extraction procedure, and PstI inserts were electroeluted and digested with restriction enzyme HaeIII, Sau3A, TaqI, or PvuII (Boehringer Mannheim). The fragments were electrophoresed on an agarose gel, and isolated cDNA fragments were subcloned into M13mpl9. DNA sequences were determined by the dideoxynucleotide chain termination method (21) .
MATERIALS AND METHODS

RESULTS
Single-cycle growth. Figure 1A shows single-cycle growth curves for ts5 in MDCK cells at 32 and 37.5°C. PFU, hemagglutinating activity, and NA enzymatic activity appeared 6 h after infection at 32°C and reached maximum levels at 12 h, whereas at 37.5°C these biological activities were negligible or significantly reduced. However, the cells hemadsorbed on their surface when exposed to chicken erythrocyte suspension in PBS at 4°C for 20 min. In contrast, the growth pattern of wild-type virus at both temperatures (Fig. 4) , indicating that ts5 NA is transported to the cell surface at the nonpermissive temperature. Fixed cells were also examined for the surface immunofluorescence of HA. The result showed that HA was present at the surface of ts5-infected cells at both temperatures (data not shown).
Heat stability. The stock viruses were kept in a water bath held at 40°C for various times and then assayed for remaining biological activities (Fig. 5) . ts5 completely lost its enzymatic activity after a 1-h incubation at 40°C, whereas wildtype virus retained 66% of its original enzymatic activity even after a 4-h incubation (Fig. 5A) . The infectivity and hemagglutinating activity of ts5 were as heat stable as those of wild-type virus (Fig. 5B) . The enzymatic activity of ts5 was thermolabile even at 37.5°C. When ts5 was kept at 37.5°C for 2 h, the mutant lost 95% of its original enzymatic activity, whereas wild-type virus retained 89% of its original enzymatic activity (Fig. 5A) .
Treatment with bacterial NA and trypsin. ts5-infected cells were incubated at 32 or 37.5°C for 14 h, and cells and culture fluid were harvested separately. After freezing and thawing, they were treated with C. perfringens NA (0.025 U/ml) at 34°C for 30 min and then with trypsin (0.5 ,ug/ml) at 34°C for 20 min. Such treatments of the virus obtained at 32°C had little effect on biological activities, whereas NA treatment of the cell lysate and fluid obtained at 37.5°C resulted in an increase in hemagglutinating activity ( treatment with trypsin led to a significant increase in infectivity in both fractions, indicating that virus particles with uncleaved HA are produced at the nonpermissive temperature, since proteolytic cleavage of HA to HA1 and HA2 is required for expression of infectivity (11, 14) . C. perfringens NA was added to the culture 3 h after infection at 37.5'C, and the culture was incubated at the nonpermissive temperature. The cultures were frozen and thawed and examined for virus yields (Fig. 6 ). The cells produced many infectious virus and functional HA at the nonpermissive temperature, although at lower levels than the virus yield at 32'C. When the 12-h virus yield was further treated with trypsin, the infectivity titer increased to levels comparable to that of the virus yield at 32'C.
Scanning electron microscopy. Infected MDCK cells were incubated at 32 or 37.5'C for 10 h and processed for scanning electron microscopy. A number of single virus particles were found on the surface of wild-type virus-infected cells at both temperatures ( Fig. 7A and D) and ts5-infected cells at 32'C (Fig. 7B) . In contrast, at 37.5'C, large aggregates of virus particles were found to accumulate on the surface of ts5-infected cells (Fig. 7E) . C. perfringens NA was added to the culture 9.5 h after infection, and the culture was incubated for a further 30 min at 37.5'C. A number of single virus particles appeared on the cell surface (Fig. 7F) . Figure 7C shows the presence of microvilli of various sizes on the surface of uninfected cells, but such microvilli were seldom seen on the infected-cell surface.
Western blotting of NA under nonreducing conditions. Influenza virus NA is a tetrameric protein, and with A type virus, the tetramer is required for enzymatic activity (5) and transport to the cell surface (3). This led us to examine whether tetramerization of ts5 NA is disturbed at the nonpermissive temperature. MDCK cells infected with either wild-type virus or ts5 were incubated at 32 or 37.5'C for 9 h and subjected to SDS-10% PAGE under nonreducing conditions and then to immunoblotting with anti-NA serum (Fig.  3) . The majority of wild-type virus NA, even when produced at 37.5'C, migrated much more slowly under nonreducing conditions than under reducing conditions, and the fastestmigrating NA, probably corresponding to a monomeric form, migrated slightly faster than NA under reducing conditions. NA retains its structure, which depends on intramolecular disulfide bonds, in SDS in the absence of 2-mercaptoethanol, whereas boiling NA in SDS in the presence of 2-mercaptoethanol probably leads to a change in the conformation of the NA molecule resulting from the loss of disulfide bonds. The faster migration of monomeric NA under nonreducing conditions may reflect a more compact structure of the NA molecule. In contrast, all of the ts5 NA detected, even when produced at 32°C, migrated under nonreducing conditions to the same position as the fastestmigrating NA of wild-type virus under nonreducing conditions. These results suggest that the oligomerization of NA is disturbed in ts5-infected cells. ts5 and wild-type viruses grown in MDCK cells at 32'C were purified by sucrose gradient centrifugation and examined for oligomerization of NA in the same manner as above (Fig. 8) . Under reducing conditions, the virion-associated NAs of both viruses migrated as a monomeric form with the same mobility and (F) Some of the cultures infected with ts5 at 37.5°C were exposed to bacterial NA (0.025 U/ml) for 30 min at 9.5 h after infection. Magnification: (A, B, D, and F) x20,000; (E) x30,000; (C) x8,000. Fig. 9A . The deduced amino acid sequences and amino acid changes of NA and NB are also shown in Fig. 9A and B, respectively. The open reading frames of both viruses for translation, which begin at the first ATG codon (positions 47 to 49), terminate at nucleotide 349. These open reading frames were identical in size to that of the B/Lee cDNA, encoding an NB polypeptide of 100 amino acids (24, 29) . One nucleotide change between the two viruses was found at position 253, but this change resulted in no amino acid change (Fig. 9B) . The second ATG codon (positions 54 to 56) is separated from the first ATG by 4 nucleotides and followed by an open reading frame, extending to nucleotide 1454, which is identical in size to the NA gene of B/Lee/40 (24) (Fig. 9A) . Eight nucleotide changes between the two viruses were noted at positions 253 (C--*T), 530 (C-->T), 766 (T--+C), 1013 (A---G), 1188 (C-->T), 1338 (A-->G), 1346 (C--+G), and 1348 (A---T), and the nucleotide changes at 253, 766, 1338, 1346, and 1348 resulted in amino acid substitutions at residues 67 (Ala-*Val), 238 (Leu-.Phe), 429 (Met--Wal), 431 (His-->Gln), and 432 (Asp--*Val), respectively. Nucleotide changes in RNA, determined by 5-fluorouracil mutagenesis, were A--*G, U--+C, or G--+A transitions (17) . Five of eight nucleotide changes cause no such transitions and may be spontaneous mutations. The only uncharged potential membrane-spanning sequence of NA extends from residues 4 to 34. Four potential glycosylation sites (Asn-X-Ser/Thr) and 18 cysteine residues encoded by the wild-type virus were conserved in ts5.
DISCUSSION
At the nonpermissive temperature, ts5 showed neither enzymatic activity nor hemagglutinating activity, but produced many noninfectious virus particles which become readily infectious after treatment with trypsin. This suggests that under nonpermissive conditions, all viral proteins necessary for replication are produced and functional except for NA and HA. However, treatment of the virus yield with bacterial NA restored hemagglutinating activity. In addition, the recombination test showed that ts5 did not belong to the recombination group with a ts lesion in the HA gene (unpublished data). Thus, the lack of hemagglutinating activity is probably a secondary effect which results from the lack of enzymatic activity. ts5 NA was defective in enzymatic activity, oligomerization, and heat stability and had several amino acid changes. Together, these findings indicate that ts5 has a ts defect only in the NA molecule.
Aggregates of progeny virus particles found on the cell surface at the nonpermissive temperature were broken by treatment with bacterial NA, with the concomitant appearance of hemagglutinating activity. Since HA binds to the terminal neuraminic acid residue on the oligosaccharide and NA acts to liberate the residue from oligosaccharide (7, 9) Proteolytic cleavage of HA to HA1 and HA2 is required for the expression of infectivity (11, 14) . Therefore, the increase in infectivity of the virus obtained at the nonpermissive temperature after trypsin treatment suggests that proteolytic cleavage of ts5 HA is disturbed at the nonpermissive temperature. Since NA enzymatic activity was absent under this condition, one possibility is that the terminal neuraminic acid residue on the oligosaccharide moiety of HA is responsible for interference with the subsequent cleavage of HA by the host cellular protease. This idea is supported by the fact that the addition of bacterial NA to the culture early in infection results in a high yield of infectious virus. These data contrast with an earlier study by Palese et al. (20) , who showed that the addition of Vibrio cholerae NA to cultures infected with ts NA mutants of strain A/WSN at the nonpermissive temperature caused no recovery of infectivity despite high yields of hemagglutinable noninfectious virus particles, although it was not shown whether virus infectivity was recovered after trypsin treatment. A/WSN produces plaques in MDBK cells without exogenous trypsin, but other A-type viruses do not. Using recombinants between these viruses, Schulman and Palese (22) showed that A/WSN NA was required for plaque production in MDBK cells and proposed that A/WSN NA was involved in the removal of neuraminic acid from HA, facilitating subsequent cleavage to HA1 and HA2. Although there is no evidence that only A/WSN NA removes the neuraminic acid from HA, our study supports their hypothesis. (6, 7) . Influenza A virus NA requires tetramerization for enzymatic activity (5) and transport to the plasma membrane (3). As shown in Fig.  3 , most of the wild-type virus NA was found as an oligomer within cells at 32 and 37.5°C, whereas ts5 NA was found as a monomer even at the permissive temperature and was transported to the plasma membrane at both temperatures. NA monomers associate with each other to form a tetramer by the combination of a disulfide bond and a noncovalent interaction (5, 7). However, 18 cysteines found in the deduced amino acid sequence of wild-type virus NA were conserved in ts5 NA, and the NA was associated with virions in an oligomeric form. Where and how the oligomer of ts5 NA is formed remain unknown.
The monomeric head of NA is made up to six 1-sheets, each containing four antiparallel strands connected by loops of variable sizes (6, 7) . The ts5 NA monomer has four amino acid changes at positions 238, 429, 431, and 432 within its head domain. These mutations are located at two 3-sheets (13 3S2 for position 238 and 6S2 for positions 429 and 431) and a loop (position 432) between strands 6S2 and 13 6S3 in the three-dimensional structure of NA of influenza virus strain B/Beijing/l/87 in the nomenclature of Burmeister et al. (6) . 6 of strain B/Kanagawa/73 [1] .) The structural integrity of the head domain is maintained, at least in part, by 13-sheets, whereas more structural flexibility is allowed in the connecting loops. In both influenza A and B viruses, loop mutations are responsible for much of the variation between field strains as well as antigenic variations against monoclonal antibodies (6, 7) . Mutations in the loop region may be nonessential for the ts phenotype.
